Due to the increasing magnitude and high frequency of urban heatwaves, recently, there has been a surge of interest in the reflective roofs and the vegetative green roofs. Along with the rising temperature, there are also more frequent droughts and rainfall which have led to wider changes in weather conditions subsequently affecting the performance of green roofs and white roofs. However, there is still a lack of research in comparing dynamic energetic and hydrological performance of green roof and white roofs during heat wave events. This paper introduces a newly constructed outdoor test rig (installed with a semi intensive green roof and an aluminium white roof) and a few initial monitoring results. The hydrological performance monitoring results showed that, although a noticeable peak runoff reduction of the white roof was observed, more significant water retention of green roofs had been established. The energetic performance monitoring results indicated that the green roof performed better than the white roof during the heatwave event reducing solar heat gains by 76% during day time, improving U-Value by 28% and reducing indoor air temperature by 2.5°C. The peak indoor air temperature reduction in the green roof space occurred during late afternoons (around 7pm).
Introduction
Due to climate change, life-threatening heat waves 1 and concurrent hot and dry summers 2 has been predicated to be a more common occurrence in the future. In addition, increasing magnitude and frequency of rainfall driven urban flooding have also been observed 3 . Global weather scientists have established and predicted that heatwaves, lasting from days to weeks, are often related to increased human mortality 1, 4 . Nature-based solutions [5] [6] [7] , such as green roofs, have been proven efficient in heat Indoor and Built Environment, DOI: 10.1177/1420326X19887218 https://journals.sagepub.com/doi/full/10.1177/1420326X19887218 Page 3 of 26 flux reduction and rainwater retention in order to reduce urban flooding risks and urban heat island effects simultaneously 5, 6, 8 . White or bright roofs are a competing building roof technology to green roofs as a method to reduce the urban heat island effects and roof top temperatures 9, 10 . Previous research activities compared green roof and white roofs performances [10] [11] [12] demonstrate that green roofs are not only cooling primarily through albedo, but also through latent heat loss. However, there is a lack of research studying green roof thermal performance during a heat wave event when the moisture content in the green roof substrate may be very low. To make informative decisions in designing a green roof or a white roof, detailed dynamic energetic and hydrological performance need to be examined, especially during heat wave events.
To quantify energetic and hydrological performance of green roofs and white roofs is a challenging problem involving multiple parameters, such as building physics, roof albedo and characterisation of vegetation and substrates. These parameters vary significantly depending on external weather conditions. To date, two approaches have been applied in examining the energetic and hydrological performance of green roofs and white roofs, namely: (i) Computer modelling and simulation 11,13 ; (ii) Outdoor test rig experiment 10, 14 or indoor controlled laboratory testing 15 .
As the computer simulation method is relatively easy to construct, it is now a widely used approach to study the performance of green and white roofs. For example, EnergyPlus have been used for energetic studies of both white roof 9 and green roof 13 . However, there is a lack of robust input data for the computer simulation models 11, 16 . For example, it is very difficult to establish physical input parameters of green roof plants 16 , and dynamic albedo factors of white roofs 11 . Furthermore, most building energy models (e.g. EnergyPlus) utilise a Conduction Transfer Function (CTF) algorithm, which is incapable of using dynamic thermal conductivity (k-value). The finite elements method, on the other hand, is computationally expensive but can only produce simulation result as a snapshot in time. Hydrological models, such as Storm Water Management Model (SWMM), can predict roof rainfall retention and detention rates. However, the lack of readily available modelling input data has prohibited these models to produce vigorous outputs 17 .
A number of outdoor white roof experiments have been carried out 9,10,12 , however, there is a lack of detailed research to establish dynamic thermal behaviour over time and compare their energetic and hydrological performance simultaneously with that of a green roof. Several of the existing outdoor green roof energetic test rigs have been constructed using different substrates 14 , different plants [18] [19] [20] and different insulation layers 21, 22 in examination of indoor temperature reduction performance of the green roofs. These tests' results showed that green roofs reduced indoor temperatures, however, they overlooked the dynamic features of thermal conductivity (k-value), heat flux and the temperature gradient at different layers over time, which are particularly important for indoor thermal performance analysis. A few hydrological test rigs have been constructed to establish green rainfall capture rates 17, 23 . The results showed that a green roof system could reduce storm water runoff generation, with reported volume retention rates in the order of 40-80% of the total annual rainfall volume and the reduction of about 60%-80% in storm water peak runoff rates 17, 23 . The shortcoming of these hydrological test rigs was that they did not compare with the white roof hydrological performance, and not monitor energetic performance of green roofs during heat wave events. Laboratory testing, on the other hand, can provide a well-controlled environment. However, the realistic ambient conditions (e.g. solar radiation and wind dynamics) cannot be fully replicated. In contrast, an outdoor test rig, although costly to construct, can test green roofs and white roofs in real weather conditions, particularly during extreme heatwave events. A key aim of this research is to investigate and compare dynamic features of energetic and hydrological performance of a green roof and an aluminium roof during a heatwave event in the UK. A real-cabin-size test rig was constructed, and energetic and hydrological data was collected at 5-minute intervals. The analysis of results showed that the green roof provided significant rainfall capture and reduced inward solar heat flux during the heatwave event.
Construction of the Test Rig
The experiment used a newly constructed steel frame test rig (Figure 1, 2 and 3), which was insulated with U-value of 0.31 W/m 2 K for the floor and walls and 0.25 W/m 2 K for the south facing roof. The roof was a standing aluminium seam pitched construction with a 5-degree angled slope. A semi-intensive green roof (wildflower mat) was installed utilising a ladder tower shown as in Figure 3 The test rig was set up to investigate the energetic and hydrological performance in a single holistic building framework. A range of sensors (as in Weather Station (WS-GP1) was installed on site near the test rig (about 3 metres away) at a similar height with the roof of the test rig. The weather station (WS-GP1) was equipped with a rain-gauge RG2, solar radiation sensors, and sensors measuring wind speed, wind direction, relative humidity and air temperature. In total eight temperature sensors (Table 1) were used, including:
• one for the indoor air temperature located in the middle of each indoor chamber room,
• one for the ceiling surface temperature fixed to the middle of each chamber roof celling,
• two for the bare aluminium roof surface (on the two middle panels of the roof as in Figure 5 (a)),
• two for the bottom layer green roof substrate, and two heat flux plates measured the heat flux through the green roof substrates (on the two middle panels of the roof as in Figure 5 (b)),
• two soil moisture and temperature probes were installed (buried above the two middle panels of the green roof as in Figure 5 (c))
• two for the green roof surface layer temperatures (above on the two middle panels of the green roof as in Figure 5 (d)).
• two rain-gauges (RG2) installed to measure the runoffs from the green roof and the bare aluminium roof (as in Figure 3(d) ).
Delta-t GP2 dataloggers were used and the data were recorded at 5-minute intervals and were accessible on a cloud server through a GPRS system.
Measure

Sensors Units and Locations Resolutions Accuracy
Air and surface Temperature 2k thermistor Delta-T ST1 +Two at bare roof surface, Figure  5 
Hydrological performance
Retention is considered as a permanent water removal (e.g. water evaporated to the air above the roof). The retention of rainwater at any given time is the evaporation volume for a bare aluminium roof, and it is a sum of the evapotranspiration and the water currently stored in the growing medium for a green roof 17, 23 . The retention rate was calculated by Equation (1) 17,23 :
On the other hand, the detention capacity (usually calculated as peak flow reduction) is the ability to attenuate and delay peak flows. The peak flow reduction rate was determined by Equation (2) 17,23 :
During the monitoring period of (31 st May to 30 th June 2018), only three rainfall events were observed ( Figure 6(b Page 11 of 26
Equation (1) and Equation (2), the observed rainfall retention rates had a range of 64.29% to 93.13%
for the green roof and a range of 11.50% to 61.88% for the bare aluminium roof (as shown in Table 2 , Figure 7 and Figure 8 ). The peak flow reduction rates were 65% to 90% for the green roof and 40% to 65% for the bare aluminium roof (as shown in Table 2 ). The green roof had better water retention and peak flow reduction than the bare aluminium roof. The bare aluminium roof had the lowest water retention rate (11.5%) during Event 3 (between 5.50am and 7.55 am) due to the lower evaporation rate, attributed to the lower density of the solar radiation and lower bare aluminium roof temperature during early morning. In the same event 3, the green roof, on the other hand, showed much higher water retention rate (73.5%) due to the lower water content in the substrates during the same event. 
Rain
Temperature gradients -indoor temperatures
Many people spend most of the time indoor, therefore, indoor temperature reduction in summer may be a key assessment criterion for building design. In this experiment, two temperature sensors (2k thermistor Delta T ST1) were installed in each chamber to monitor indoor air and ceiling temperatures ( Figure 4 ). The monitoring results showed that the green roof reduced indoor temperatures noticeably compared to the bare roof (Figure 9(a) ). An average daily temperature profile showed that the peak indoor air temperature reduction occurred during late afternoons around 7pm (Figure 9(b) ). On average, maximum and minimum temperature reductions during this monitoring period are presented in Table 3 . The peak ceiling temperatures and air temperatures were reduced by 2.5°C and 2.3°C respectively. 00:00:00 01:00:00 02:00:00 03:00:00 04:00:00 05:00:00 06:00:00 07:00:00 08:00:00 09:00:00 10:00:00 11:00:00 12:00:00 13:00: The green roof was observed to have a higher surface temperature than the aluminium roof during certain periods of the time (Figure 10(a) ). The surface temperatures were determined by the roof The energy balance of a green roof is dominated by radiative force from the sun and associated long wave heat exchange with surrounding environment and the sky 25 . Roof surface absorption of incoming solar radiation, and the long and short-wave reflection plus long wave emission exchange depending on the characterisation of the surface materials (e.g. albedo). Albedo is a reflection coefficient that describes the amount of solar radiation reflected by the surface. There is a negative correlation between the albedo effect and the surface temperature: the greater the albedo, the lower the surface temperature 26 . The aluminium coated roof has been reported to have an albedo of 30%-55% 26 . Without regular cleaning, the albedo may decrease due to the deposits of dirt on the roof surface. Since plants have generally higher albedo than dark bare soil. The albedo of green roofs depends on the plant coverage and substrate water content: the higher the plant coverage, the higher the albedo; and also the higher the water content, the lower the albedo 27 . Greater variation of green roof albedo has been reported at 23% 28 and 6.6% 29 , which is generally lower than reported albedo of aluminium coated roof 30%-55% 26 . The lower albedo factor can partially explain why the recorded green roof surface temperatures were higher than the aluminium roof surface temperature during the drier period. Another contribution factor was the lack of evapotranspiration heat losses of the green roof. During the first four days of the monitoring period when the green roof was relative wet (VWC was between 10% -15%), the green roof surface temperatures were lower than the aluminium roof surface temperatures. This observation is supported by the fact that apart from the solar reflection, the solar radiation is also balanced by sensible (convection) and latent (evaporative) heat flux. The evapotranspiration heat losses may have played a key role in reducing green roof surface temperature.
Thermal conductivity as a function of saturate levels of the green roof substrates
The saturation levels of green roofs substrates affect thermal conductivity significantly, however, this is difficult to establish due to complex characterisation of the substrate composition, e.g. different texture, shape of the soil and water content 30 . To estimate the thermal conductivity of the green roof installed on this test rig, the heat flux in the soil with accompanying temperature sensors were measured. The heat flux sensor measures heat flux through the object in which it is incorporated or on which it is mounted. The heat flux plate is a thermopile made from ceramics-plastic composite materials to maintain a small thermal resistance. The thermopile measures the temperature difference across the sensors' ceramics-plastic composite body. The sensor was used for on-site measurement of building envelope thermal resistance per unit area (R-value) and thermal transmittance (U-value)
according to the standardised practices of ISO 9869:part 1:2014 31 and ASTM C1155-95(2013) 32 .
In this experiment, two heat flux plates (HFP01) were installed, and measurement results were compared with theoretical calculations to improve the robustness of measurement results. The heat flux, Φ (W/m 2 ), was equal to the sensor output, a small voltage U (µv), divided by the sensitivity S (µv/(W/m 2 ), which could be found on the product certificate of the sensor, as given in Equation (3) 33 :
The thermal conductivity (k-value) W/mK was calculated as shown in Equation (4) 
The measurement results showed that when the substrate's volumetric water content (VWC) was between 12% and 15% (in the first four days of the experiment), the average thermal conductivity (kvalue) of the substrate was 0.1126 W/mK. According to the HFP01 user manual 33 , a realistic estimate of the error range is ±20% over a thermal conductivity range from (dry sand to water-saturated sand)
across the temperature range of -30° to +70°C. The measurement result in this study was within measurement range of 0.1 W/mK to 1.7 W/mK detectable by heat flux plates-HFP01 33 . The k-value established in this paper was in line with results found in other studies 30 . However, this experiment also observed large fluctuations of the heat flux (Φ-value). This may be attributed to the situation that the thermal parameters of ambient temperature and soil were constantly changing (e.g. soil moisture content). When the VWC was lower than 12%, the k-value might be lower than 0.1 W/mK, which was out of the measurement range (0.1 W/mK -1.7 W/mK) of the heat flux plates (HFP01). In this situation an alternative steady-state measurement method, such as a guarded hot plate may be used, although it is suitable for a laboratory setting but not the in-situ measurement.
Thermal conductivity (k-value) of green roofs can be reduced significantly by the presence of moisture within the substrates. Green roof substrates are composed of aggregate, sand and organic matter.
Naturally occurring soils, on the other hand, are classified by their composition shape and texture as clay, sandy loam, silt, etc. Based on the existing models predicting thermal conductivity of soils with different saturated values, 30, 34, 35 we have developed a simplified algorithm (as in Equation (5)) to predict seasonal thermal conductivity of green roofs. 
In the Equation (5), k is the predicted thermal conductivity of substrates, kDRY is the thermal conductivity of dry substrates, VWC is the volumetric water content (%). The thermal conductivity established in this experiment is a key input parameter to predict dynamic k-value with changing VWC values. Dynamic k-value of this type of green roof substrates were plotted as shown in Figure 11 .
Based on Equation (5), a potentially higher k-value of the green roof was calculated as 0.14 W/mK and 0.18 W/mK respectively (as plotted on Figure 11 ), when substrate volumetric water content VWC reached 30% to 50% (for typical UK winter raining seasons). The dynamic U-values of the green roof were calculated and presented in Table 4 . It reached 0.18 W/m 2 K during the dry period, and it was calculated as 0.20 W/m 2 K when the green roof was saturated with VWC of 50%, with 28% and 20% improvement on the U-value respectively compared with the bare aluminium roof alone (Table 4 ). In the heatwave period, additional insulation provided by the green roof reduced solar heat gain to the chamber, which is discussed in the following section "Accumulated inward solar heat gain". Table 4 . U-value Improvement -Impacts of Retrofitting with a Green Roof
Accumulated inward solar heat gain
The green roof can reduce inward solar heat gains as demonstrated by the green roof temperature gradients as shown in previous sections. After solar reflection, sensible and latent (evaporation) heat losses and roof insulation, only a relatively small portion of the solar heat is transferred indoors. Since there were no internal heat gain in the chambers, a simple temperature difference (TD) method was used to calculate inward solar heat gains, as in Equation (6) 31, 32 and Equation (7) 31, 32 :
QGreenRoof = URoof*ARoof *(TBottomGreenRoof-TCeiling.GreenRoof) (6) and Equation (7), the inward solar heat gain was calculated as shown in Figure 12 . Based on the average daily profile, the green roof reduced inward solar heat gains substantially from 8 am to 7 pm ( Figure 12 ). As shown in Table 5 , the green roof, reduced total solar heat gain by 29.87% during the whole experiment; more significantly, during 8 am to 7 pm, the heat gain was reduced by 75.87% ( Table 5 ). The reduced solar heat gain results in lower indoor temperatures (peak indoor air temperature reduction around 2.3°C as shown in Table 3 ) in the green roof chamber, which then may lead to a lower cooling energy demand and improved thermal comfort, even when green roof substrates were very dry with little or non-evapotranspiration. Table 5 . Inward Solar Heat Gain (June 2018)
Conclusions
This paper introduced a newly constructed green roof test rig with a bare roof aluminium surface control roof for comparison. The test rig is capable of monitoring real-time energetic and hydrological performance. The initial monitoring results show that: 1) Based on the dynamic temperature performance during a heat wave period, the under-substrate layer temperature is lower than bare aluminium roof surface temperature during day time (maximum difference of around 15°C occurred around middays), and higher during night time (maximum difference of around 7°C occurred around midnights to early morning at around 5 am).
2) Peak indoor air temperature reductions are (on average daily profile): ceiling temperature by 2.5°C and indoor air temperature by 2.3°C. The peak reduction is during late afternoons (at around 7 pm).
3) The green roof could significantly reduce inward solar heat gain by 75.87% between 8 am and 7 4) The monitoring results showed an improved U-value of 28% compared with the bare aluminium metal roof with an U-value of 0.25 W/m 2 K. The modelling results further indicated that when the green roof was saturated (VWC at 50%), the U-value was still improved by 20%.
The analysis indicates that the green roof would perform very well during the heatwave event and would produce effects on summertime indoor temperature reduction. In terms of water retention and detention capacities, the initial monitoring results demonstrated that:
1) The best retention and peak reduction rates of the green roof reached 93% and 90% respectively, comparing to the best retention and peak reduction rates of the bare aluminium roof which was 61.55% and 65% respectively;
2) The worst water retention rate measuring at 11.50% was observed from the bare aluminium roof,
whereas it was 73.50% from the green roof in the same event.
These findings indicate that the observed retention and detention performance of the green roof are superior to the bare aluminium roof in the heatwave. This research also observed extremely low water content in the green roof substrates. During the hot dry summer, the rainwater collection may not be adequate to irrigate the green roof. Without the artificial irrigation, the plants may eventually die out and the green roof would become a "brown roof", yet it is still a nature-based urban solution 5, 36 .
"Brown roof" with deeper substrate (e.g. more than 150 mm), may support re-vegetation from windblown and bird seed dispersal. However, during a drought period, irrigation can improve the energy saving capacity of a green roof 18 . In this situation, rainwater or grey water recycling and biodiversity, brown roof management strategy is recommended to improve the survivability and ecoservices of green roof plants and subsequently improve building thermal performance.
In this research energetic and hydrologic performance of a semi intensive green roof and an aluminium white roof were compared. The benefits of green roofs were clearly demonstrated. The test rig used in this research was adequate to generate key hydrological indicators (e.g. rainwater retention and detention rates) and energetic indicators (dynamic temperatures gradients, thermal conductivity and inward solar heat gain). However, there are some limitations in this experiment, for
